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ning (MAS) frequencies. It is based on second-order CP at the n = 0 Hartmann–Hahn condition. The mech-
anism for the polarization transfer in the low-power CP experiment relies on second-order cross terms
between homonuclear and heteronuclear dipolar couplings. At a MAS frequency of 65 kHz, rf-field ampli-
tudes below 10 kHz are sufficient to efficiently transfer polarization from 1H to 13C. The low-rf field
requirements of this approach make it well suited for the investigation of proteins and other tempera-
ture-sensitive samples without the risk of sample heating and degradation.
 2008 Elsevier B.V. All rights reserved.1. Introduction
The development of solid-state magic-angle spinning (MAS)
NMR techniques has been stimulated by the availability of increas-
ing MAS frequencies. Presently, spinning frequencies of 70 kHz and
more are possible [1–3] and initial worries that the centrifugal
forces might degrade the sample quality, in particular for proteins
in microcrystalline form, have not proven to be justified. The
centrifugal acceleration reaches about 8 000 000g at 70 kHz for a
rotor with an inner diameter of 0.8 mm. For biological compounds,
where the amount of sample is often limited, small-diameter
rotors and fast spinning have opened new opportunities [1]. In
addition, higher MAS frequencies move spinning sidebands out of
the observed region of the carbon spectrum in high magnetic fields
that are essential for structural studies on biomolecules [3–9].
Furthermore, fast MAS allows the use of pulse sequences with low-
er rf-power requirements because the regime with rf-nutation fre-
quencies significantly below the spinning frequency [2] becomes
accessible. In this regime sample heating can be dramatically re-
duced which is crucial for the investigation of sensitive samples
and often allows to shorten the repetition rate of the experiment.
In this communication we concentrate on the cross-polarization
(CP) [10,11] step which is a key element in many solid-state NMR
experiments. CP is also used in most experiments on solid proteins,
which are often particularly sensitive to heating effects. It requires
the simultaneous rf irradiation on two nuclei and the matching of
the Hartmann–Hahn condition jxS xIj ¼ n xr, where xI and xS
are the I-spin and S-spin nutation frequencies, respectively, andxr
is the MAS frequency [12–15]. The n = 1 and 2 Hartmann–Hahn
conditions dominate the matching profile in the initial rate regime
but CP is also possible at other values of n [14,15]. While thell rights reserved.
s.chem.ethz.ch, beat.meier@Hartmann–Hahn condition fixes only the difference of the rf-field
strengths, there are considerations that further constrain the pos-
sible values of the individual rf-field amplitudes. Care has to be ta-
ken to prevent signal loss due to resonance effects between sample
rotation and rf irradiation (e.g. HORROR [16] and rotary-resonance
effects [17]) that occur at ratios j ¼ x1=xr with j = 1/2 and 1, 2,
respectively. For example, it would be possible to use a rf-field
amplitude of 165 kHz on 1H (i.e. well above 2*65 kHz) and
100 kHz on 13C (i.e. 165 kHz–65 kHz) at a MAS frequency of
65 kHz.
We concentrate in the following on dipolar cross-polarization
using low-amplitude rf irradiation in an effort to minimize sample
heating. Sample heating is intrinsically tied to rf irradiation
through the electric component of the rf field, although it can be
minimized at the sample position by a suitable resonator design,
e.g. in so called E-free probes [18–20]. If both amplitudes should
be kept below a value of half the spinning frequency, we must ex-
ploit the n = 0 Hartmann–Hahn condition (xI =xS) where dipolar
cross-polarization is only allowed as a second-order cross-polari-
zation (SOCP) process.
Fast spinning and low-power CP are also of interest in the con-
text of investigating partially deuterated samples in connection
with proton detection [3,21,22]. Ishii and co-workers have pro-
posed to enhance the sensitivity of solid-state NMR experiments
by using paramagnetic metal ions for shortening 1H T1 relaxation
times [22,23]. Here, the reduced recycle delay requires the use of
NMR sequences with a reduced power deposition. Low-power
cross-polarization could be a building block in such experiments.
We note that low-power cross-polarization intrinsically be-
comes band selective with respect to the 13C chemical-shift be-
cause low-rf fields cannot spin lock the entire range of chemical
shifts. For 15N spectra, the effect is less pronounced because all
amide resonances resonate within a relatively small range of
chemical shifts. In the context of multidimensional experiments
for assignment and structure determination in proteins, this band
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Fig. 1. Numerical simulation of effective dipolar coupling pattern under low-power
CP conditions based on the effective Hamiltonian in a CH2-spin system as a function
of the spinning frequency. The effective coupling constant deff was measured from
the distance between the two maxima in the observed powder pattern. The inset
shows as an example the simulated powder pattern obtained from the Fourier
transform of the time domain signal at 50 kHz. For all simulations both rf-field
amplitudes were set to 10 kHz. Only dipolar couplings were taken into account. For
the powder averaging 1154 orientations were considered.2. Theory and simulations
At the n = 0 Hartmann–Hahn condition two different mecha-
nisms can lead to polarization transfer: (i) transfer mediated by
the isotropic J-coupling and (ii) transfer due to second-order cross
terms between homonuclear and heteronuclear dipolar couplings
[25]. In a doubly rotating interaction frame where the z axis is
along the spin-lock fields, the J-coupling gives rise to an effective
zeroth-order Hamiltonian for an IS two-spin system of
Hð0Þ ¼ pJ 1
2
ðIþS þ ISþÞ ð1Þ
In proteins, the J-couplings are typically small compared to the
dipolar interactions with 1JCH  150 Hz although in other systems,
the J-transfer can dominate [26]. The second-order cross-terms be-
tween a homonuclear and a heteronuclear dipolar coupling in an I2S
three-spin system are given by [25]
Hð2Þ ¼ xS1ðSIþ1 I2z þ SþI1 I2zÞ þxS2ðSIþ2 I1z þ SþI2 I1zÞ ð2Þ
where xS1 and xS2 depend on the orientation and magnitude of all
three dipolar couplings as well as on the spinning frequency and the
rf-field amplitudes. Detailed expressions for these effective cou-
pling constants were derived in Ref. [25] and can be found in the
Supplementary material. It should be noted, that two I spins are
necessary for this type of Hartmann–Hahn transfer. For an isolated
two-spin system (e.g. an N–H in a highly deuterated protein), no
dipolar transfer is expected.
The theoretical results are supported by numerical simulations
of low-power CP build-up curves carried out with the GAMMA [27]
spin-simulation environment. We considered a single carbon spin
connected to two protons, similar to the situation in a CH2 group.
The (1H–1H) and (13C–1H) distances were assumed to be 1.8 Å
and 1.1 Å, respectively, and a (1H–13C) J-coupling of 155 Hz was
used. Spin-lock fields with an amplitude of 10 kHz were applied
to 1H and 13C at a MAS frequency of 65 kHz. The initial density
operator was set to spin-locked proton polarization,
r^ð0Þ ¼ I^1z þ I^2z.
The dipolar spectrum corresponding to the time evolution of
r(0) under the Hamiltonian of Eq. (2) is displayed in Fig. 1. Only
dipolar interactions were considered in this simulation. The effec-
tive dipolar coupling is described by an effective coupling constant
deff, which decreases approximately with the inverse of the spin-
ning frequency. At 65 kHz MAS frequency the effective coupling
constants are approximately 2 kHz and, therefore, still consider-
ably larger than the 1JCH-coupling constant.
The plotted signal intensities in Fig. 2 are the expectation values
of S^z; I^1z, and I^2z, respectively. In total six different combinations of
dipolar and J-couplings were simulated for the CP experiment in
the CH2 group. The results are shown in Fig. 2 together with a pic-
torial representation of the considered coupling network. The sim-
ulations show that the presence of a single (1H–13C) and a (1H–1H)
dipolar coupling lead to transfer from both protons to the carbon
spin (Fig. 2a). On the other hand, the presence of two heteronuclear
(1H–13C) dipolar couplings only does not give significant transfer
(Fig. 2b). In a system with all three dipolar couplings present
(Fig. 2c), the transfer efficiency compared to direct excitation is
about 2.3. The situation does not change much when also hetero-
nuclear (1H–13C) J-couplings are included (Fig. 2e). While low-
power CP is not possible for an isolated dipolar coupled (1H–13C)
spin system (Fig. 2d) the inclusion of a J-coupling (Fig. 2f) leads
to a characteristic oscillatory transfer. The timescale of the
J-coupling mediated polarization transfer is about one order ofmagnitude smaller compared to the transfer mediated by the sec-
ond-order dipolar terms (Fig. 2a, c, and e).
Having established the mechanism for polarization transfer and
the condition on the difference of the two rf-field strengths, we
now turn to the additional considerations regarding the spin-lock
fields involved. Here, the emphasis is on avoiding recoupling con-
ditions that lead to a fast loss of the spin-locked magnetization.
These conditions are clearly seen in the experimental spin-lock
spectrum of Fig. 3. Details are given in the Experimental part and
in the present context we only note the fast magnetization decay
at ratios j =x1/xr of j = 1/4, 1/3, 1/2, 1, 3/2 and 2 (marked by
asterisks). A key point for the low-power CP experiment is the
observation that at high MAS frequencies (>45 kHz for a typical or-
ganic solid) efficient spin locking is possible not only at rf fields
above the resonance conditions described before but also below.
In the following we describe these undesired resonance
conditions considering a spin lock on the I spins in an INS-spin
system. While resonance effects that occur at ratios j =x1/xr with
j = 1/2, 1, and 2 are well described in terms of zeroth-order pertur-
bation theory in a Floquet description, effects atj = 1/4, 1/3, and 3/2
canonly be understood in termsof higher-orderperturbation theory
within the Floquet framework [25].
At the HORROR condition (j = 1/2) homonuclear dipolar






ðxð1Þmn IþmIþn þxðþ1Þmn ImIn Þ ð3Þ
Matching the j = 1 rotary-resonance condition leads to a recoupling
of the I-spin chemical-shift (CSA) tensors, heteronuclear dipolar
couplings, and I-spin homonuclear dipolar couplings, giving rise










ðxð1Þm Iþm þxðþ1Þm Im
þxð1ÞmS 2SzIþm þxðþ1ÞmS 2SzImÞ ð4Þ
At the j = 2 rotary-resonance condition, only the I-spin CSA tensors
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Fig. 2. Simulated low-power CP build-up curves in a three-spin system mimicking the situation in a CH2 group. Different combinations of dipolar and J-coupling networks
have been considered and are indicated by pictorial representations and discussed in more detail in the text. The intensities were normalized against 13C direct excitation.
Two-hundred orientations were considered for the powder averaging.




ðxð2Þm Iþm þxðþ2Þm Im þxð2ÞmS 2SzIþm þxðþ2ÞmS 2SzImÞ ð5Þ




m involved in the zeroth-order
recoupling conditions given above are the Fourier coefficients of
the time-dependent interactions as defined in Ref. [28] and the Sup-
plementary material.
At the resonance condition j = 3/2, homonuclear dipolar cou-
plings are reintroduced. The effective Hamiltonian as derived by























ðxmnoImIn Io þxþmnoIþmIþn Iþo Þ ð7Þ
and also a previously not observed pure homonuclear dipolar




ðxmnopImIn Io Ip þxþmnopIþmIþn Iþo Iþp Þ ð8Þ























Fig. 3. 1H spin-lock efficiency as a function of the applied rf-field amplitude
indirectly detected by cross polarization to the Ca resonance of glycine ethyl ester.
Resonance conditions as described in the text are labeled with asterisks.
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the case of j = 1/3) and 4 (j = 1/4) dipolar coupled I spins are
required.
3. Materials and methods
Uniformly [13C, 15N] labeled microcrystalline ubiquitin was pre-
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Fig. 4. (a) Matching profile of low-power cross polarization on the Ca resonance of glycin
polarization in glycine ethyl ester as a function of the cross polarization contact time und
recycle delay in the build-up experiments was set to 2 s. The build-up curves were the
spectra with a 10 s recycle delay as a reference (c) as in panel a but for C0 . (d) as in panwere performed on a 20 T (corresponding 1H-resonance frequency:
850 MHz) wide-bore magnet (Bruker Biospin, Germany) equipped
with a 1.3 mm double-resonance MAS probe. The MAS frequency
was set to 65 kHz. All experiments were performed at cooling
gas temperatures of 298 K (1,2-13C glycine ethyl ester) and 235 K
(ubiquitin), respectively. For glycine ethyl ester continuous-wave
decoupling with an rf-field amplitude of 25–30 kHz was used. On
ubiquitin low-power XiX decoupling [30] with an rf-field
amplitude of 15–20 kHz was performed.4. Results and discussion
To identify suitable 1H spin-lock conditions for cross polariza-
tion, the 1H spin-lock efficiency was measured as a function of
the spin-lock amplitude, x1, at a MAS frequency of 65 kHz indi-
rectly via the Ca resonance of our test system, glycine ethyl ester,
using a spin-lock time of 2.5 ms and subsequent cross polarization
at a fixed matching condition. The resulting signal intensity as a
function of x1 is depicted in Fig. 3 and shows the resonance condi-
tions discussed in the Theory section and which lead to a fast decay
of the spin-locked magnetization. In the plot these conditions are
marked with asterisks. The most pronounced effects occur at ratios
j =x1/xr with j equal to 1/2, 1, and 2 which appear in zeroth-
order perturbation theory. Weaker resonances are observed at
values of j equal to 1/4, 1/3, and 3/2. These conditions can be
understood in terms of higher-order perturbation theory. The best



























e ethyl ester. The 1H rf-nutation frequency was set to 9.4 kHz. (b) Build-up of the Ca
er low-power (dashed line) and high-power (solid line) conditions, respectively. The
n calibrated against 13C direct excitation using optimized low- and high-power CP
el b but for C0 .
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Fig. 5. (a) One-pulse excitation 13C spectrum of 1–2 mg ubiquitin (16 scans).
Resonance lines due to the precipitant, MPD are indicated by asterisks (b) Low-
power cross-polarization spectrum of the same sample with the same number of
scans. The 13C carrier frequency was set to the Ca region of the spectrum. The Ca
region is very similar but at higher intensity.
104 A. Lange et al. / Chemical Physics Letters 468 (2009) 100–105well below all resonance conditions. In principle, going to very
high spin-lock fields should also allow efficient spin locking, but
the required spin-lock fields lead to strong sample heating.
Next, low-power CP to the Ca or the C0 resonance of 1,2-13C gly-
cine ethyl ester was optimized. On the proton channel, an on-
resonance low-power spin-lock field with a rf-field amplitude of
9.4 kHz was applied. The matching condition for the 13C rf field is
shown in Fig. 4a for the Ca resonance and in Fig. 4c for the C0 res-
onance. In both cases, the optimum 13C field is close to the theoret-
ical n = 0 Hartmann–Hahn condition with rf amplitudes of 9.4 kHz
on both channels. The build-up of signal intensity with increasing
SOCP contact time is shown as a dashed line in Fig. 4b for the Ca
and in Fig. 4d for the C0 resonance. While the Ca signal builds up
within the first 2 ms, the build-up of the C0 signal is considerably
slower and takes approximately an order of magnitude longer.
For comparison we have also recorded high-power CP spectra at
the n = 1 Hartmann–Hahn condition with rf-field amplitudes of
165 kHz on 1H and 100 kHz on 13C at a MAS frequency of 65 kHz.
Under these conditions the CP build-up is considerably faster be-
cause at the n = 1 and 2 sideband CP conditions, polarization trans-
fer appears as a zeroth-order effect. For Ca a first transient
maximum is observed at 60 ls and the signal slowly increases
up to 5 ms (see Fig. 4b solid line). For C0 the maximum transfer is
reached after 5 ms (see Fig. 4d solid line). Nevertheless, the maxi-
mum transfer is higher for low-power SOCP.
In principle, at the n = 0 Hartmann–Hahn condition polarization
transfer via J-couplings is also possible and will, therefore, also
contribute to low-power CP [26]. However, the strengths of the rel-
evant interactions in CH-spin systems, as shown in the theoretical
calculations and as seen from the experimental build-up rates sug-
gest that J-couplings are not the dominant transfer mechanism and
that, indeed, mostly cross terms between (1H–1H) and (1H–13C)
dipolar couplings are responsible.
In order to determine the bandwidth of the experiment, we
have measured the signal intensity of the Ca resonance of glycine
ethyl ester as a function of the 13C chemical-shift offset during
low-power CP with experimental conditions as above. A plot of
the data can be found in Fig. 1 of the Supplementary material.
The bandwidth is approximately 9 kHz (FWHH) which is in agree-
ment with a spin-lock field of 9.4 kHz.
In order to estimate the efficiency of SOCP quantitatively, we
compared optimized low-power CP spectra (CP contact times of
10 ms for Ca and 40 ms for C0, respectively, were used with 10 s
recycling delays) with direct 13C excitation (recycle delay:
1200 s). In the case of Ca an enhancement factor of 3.1 was ob-
served. No signal was transferred to the C0 resonance. For selective
transfer to the C0 resonance we measured a factor of 2.4. Simi-
larly, we estimated the efficiency of high-power CP as described
above at a contact time of 5 ms and found values of 2.2 for Ca
and 1.4 for C0. In the thermodynamic limit an enhancement of
3.27 is predicted for high-power CP considering nine protons and
two labeled carbons in glycine ethyl ester. For narrow-banded
low-power CP nine protons and one labeled carbon are considered,
leading to a theoretical enhancement of 3.60.
Finally, low-power CP spectra of uniformly [13C, 15N] labeled
microcrystalline ubiquitin (1–2 mg) at 65 kHz MAS spinning and
experimental conditions as above (CP contact time: 2.1 ms) were
recorded. Fig. 5b shows such a spectrum where the carrier fre-
quency was set to the Ca region. For comparison, a directly excited
13C spectrum (recycle delay: 300 s) is shown in Fig. 5a. The number
of scans in both spectra was 16. The measured enhancement factor
for the Ca region was1.5. Several reasons could be responsible for
the smaller enhancement factor compared to glycine ethyl ester:
firstly, the highly hydrated protein sample has a significantly
shorter T1q. For T1q(1H) at a rf-field amplitude of 9 kHz we found
values of 5 ms for ubiquitin and 700 ms for glycine ethyl ester.Secondly, the ratio of protons to carbons that determines the max-
imum transfer efficiency is smaller leading to an expected value of
3.49 in the thermodynamic limit (considering that all 524 protons
in ubiquitin transfer to 76 Cas). In the case of high-power CP an
enhancement of 2.32 is expected (considering 524 protons and
378 carbons).
Nevertheless, since the biggest contribution to the signal
enhancement under CP comes from the increased number of scans
per unit time, an enhancement factor of 1.5 is still considered effi-
cient. Attempts to obtain a more efficient high-power CP failed.
With rf amplitudes of 165 kHz on 1H and 100 kHz on 13C an
enhancement factor of 1.1 was found (CP contact time: 2 ms).
5. Conclusions
We have described efficient band-selective heteronuclear polar-
ization transfer at high magic-angle spinning (MAS) frequencies
using the n = 0 Hartmann–Hahn cross-polarization condition with
rf-field amplitudes matched at around 10 kHz for 65 kHz MAS.
The SOCP mechanism relies on second-order cross terms between
the dipolar (1H–1H) and (1H–13C) couplings. SOCP spectra of micro-
crystalline ubiquitin with CP at rf-field amplitudes of 9 kHz and
decoupling at a rf-field amplitude of 15–20 kHz were recorded. Be-
cause the bandwidth of the low-power CP is obviously too small
for the whole spectral range of 13C, only selected regions can be ex-
cited. In some situations, this may be a limitation of low-power CP,
in other situations it can be an advantage because magnetization in
multidimensional experiments can be channeled to desired path-
ways [24].
The efficiency of the SOCP experiment turned out to be better
than the efficiency in high-power CP experiments with rf-field
amplitudes up to 170 kHz. It is of course also possible to obtain
low-power cross polarization at the sideband Hartmann–Hahn
conditions [15] but one of the applied fields must then be higher
than half of the spinning frequency. It is a practical advantage of
the n = 0 CP condition, that it is less sensitive to rf-inhomogeneity
A. Lange et al. / Chemical Physics Letters 468 (2009) 100–105 105and thermal amplifier drifts than the sideband conditions. An
alternative approach to polarization transfer at high MAS, in partic-
ular for partially deuterated samples, would be INEPT experiments
[31,32] which use J-transfer and request long T2 times.
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Note added in proof
Low power first-order cross polarization for proteins is also dis-
cussed in a paper that just appeared on the web: S. Laage, A.
Marchetti, J. Sein, R. Pierattelli, J-J. Sass, S. Grzesiek, A. Lesage, G.
Pintacuda, L. Emsley J. Am. Chem. Soc., ASAP article.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cplett.2008.11.089.
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